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ABSTRACT

This is the first annual report describing research at the University
of Illinois at Urbana-Champaign, aimed at establishing the feasibility of
producing parts to net or near-net shapes starting with Rheocast preforms by
forging-type, THIXOFORGING, operations.

Ingots of Sn~15%ZPb alloy and aluminum alloys 6061 and A356 were heated
to temperatures above liquidus and in the liquid-solid range. The partially
solidified charge, Rheocast, materials were previously made in a continuous
slurry producer. Sound flanged shaped cup parts with good mechanical proper-
ties and unidirectionally solidified cylinders were produced in a 50 ton
hydraulic press.

Die thermal behavior was experimentally determined from thermocouples
located at different distances from the metal-die interface. Measured maxi-
mum die temperatures were lower when the initial charge material was partially
solid or when applied pressure was reduced. A one dimensional computer heat
flow program was developed to simulate heat flow in the cylindrical parts and
the steel dies. Correlation of computer predictions and measured temperatures
were used to calculate values of the heat transfer coefficients at the metal-
die interface prior to and after pressurization. The heat transfer coefficients
increase by one order of magnitude or more upon application of 9.1 x 107 Pa
pressure. Heat transfer coefficients prior to and after pressurization were

4 2

3.4 x 10> and 3.4 x 10° W.n"?%k"1, respectively, for a 1iquid and 8.4 x 10

4 -20,,~1

and 3.1 x 10" W.m . K ~, respectively, for a 0.5 volume fraction solid charge

of A356 aluminum alloy.
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I. INTRODUCTION

Fundamental and applied research in the past five years has led to the
finding that certain metal forming operations can be carried out using a
partially solid charge material provided the solid present is particulate and
spheroidal in shape; it is non-dendrite [1-5]. 1In the work presented here, the
possibility of exploiting the special metallurgical structure and rheological
behavior of a partially solidified alloy in a forging-type operation was
investigated, and the results were compared td conventional liquid metal
forging. The effect of process variables during forging of both liquid and
partially solid aluminum alloys on the structure and properties of components
produced and on the die thermal behavior was studied. Computer simulation work
on heat flow was carried out to determine the effect of applied pressure
during the forging operation on the heat transfer coefficient at the die-metal
interface.

Shaping of liquid metals by forging-type operations has been described
under a variety of names such as squeeze casting, liquid metal forging, extru-
sion casting and liquid stamping. The basic process steps are as follows. A
measured amount of liquid metal is poured into the lower cavity of an open die
set, After partial solidification of the outer extremity of the charge, the two
die halves are brought together to form the part. Solidification is then
completed under a predetermined hydrostatic pressure. While the process is
relatively new in the U.S.A., it had been extensively investigated and used in
the U.S.S.R. and to a lesser degree in Japan.

Various investigators have reported substantial improvements in micro-
structure (e.g., porosity) and mechanical properties over conventional castings

when solidification is carried out under a direct applied pressure. Plyatskii




[6] has reported improvements in bend and tensile strengths of cast iron
solidified under a pressure of ~ 2 x 10% Pa. Nishida and Suzuki [7] studied

the effect of applied pressure on gas porosity in aluminum castings and

report that a pressure of ~ 5 x 107 Pa resulted in complete disappearance of

all macroscopic porosity. They attribute this observation to increased solu-
bility of hydrogen in the solid with increasing applied pressure. Suzuki,

et al. [8-11] have reported significant improvements in tensile and impact
strength, ductility, fatigue and wear properties of Al-(2-22%)Si alloys solid-
ified under pressures of up to ~ 3 x 10® Pa. Similar results were obtained in
other aluminum alloys [12] and copper base alloys [13, 14]. Other investigators
have reported increased solid solubility of Si in aluminum [15, 16] and changes
in solidification temperature range [7, 16-19] due to the applied pressure.
Shorter local solidification times due to an increase in metal-die heat transfer
coeffic;ent with applied pressure has also been postulated [20].

Shaped components of a variety of alloys including aluminum, copper and
steel alloys have been produced via liquid metal forging. Plyatskii [6] has
reported production of drill bit collars, engine compressor parts and turbine
blades. Bidulya, et al. [21, 22] have discussed the process variables in pro-
duction of a 321 stainless steel hub (~ 52 Kg) and various modes of die failure.
Recent work in production of shaped parts in the U.S.A. has also been reported
[23-25].

The important liquid forging process parameters noted in the above studies
include the following:

(a) melt and die temperatures;

(b) die material and die coating;

(¢) dwell time of charge in the die before pressurization; and

(d) magnitude and duration of applied pressure.
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A common feature of the various techniques used in producing shaped com-
ponents via liquid forging is partial solidification of the charge in the die
cavity pfior to application of pressure. Earlier fundamental studies on
partially solid metal slurries has shown that the structure, viscosity and
thixotropic behavior of these materials can be especially designed by proper
manipulation of process variables during slurry production [4]. The thixo-
tropic behavior of the partially solid charge should reduce metal handling,
transfer and metering problems normally associated with liquid forging. Fur-
thermore, the shear rate dependence of charge viscosity should permit develop-
ment of a net shape forming process more akin to solid metal forging processes
under significantly reduced applied pressures.

While it is generally recognized that pressurization during solidifica-
tion enhances heat transfer across a metal-die interface, little experimental
and theoretical work has been carried out to investigate this phenomenon. The
heat transfer coefficient would affect die thermal behavior, hence die failure,
in important ways. In the work described herein thermal data obtained from
thermocouples located in the die and forgings were combined with a one-
dimensional computer heat flow model to determine the effect of applied pres-

sure on the aluminum alloy - steel die heat transfcr coefficients.

II. APPARATUS AND PROCEDURE

The apparatus for forging of liquid and partially solid charge materials,
shown in Figure 1, consists of: (a) a resistance furnace; (b) a controlled
pressure penetrometer for monitoring the charge material characteristics;

(c) a 50 ton Wabash hydraulic press containing a controlled temperature die

set; and (d) temperature measurement and control devices.

Prem— e—

PR

TR s A ai e .

—
o




The resistance furnace for reheating, partial or complete melting, of the
charge material is shown on the left side of Figure 1(a) and consists of a
vertical cylindrical chamber, 0.06 m in diameter and 0.12 m long. Its tem-
perature is controlled to *+ 1°K. The charge material located'in an alumina
crucible can be moved out of the furnace by a hydraulic jack located below it.

3 m diameter alumina rod attached at

The penetrometer consists of a 3.2 x 10~
one end to a small air cylinder. The lower end of the penetrometer rests on
top of a slug of the charge material and exerts a controlled amount of pressure
on the slug. It is calibrated to penetrate slugs of partially solid

materials at a given velocity when the slugs reach a desired volume fraction
solid during the heating cycle. Calibration, pressure setting, was done by
locating two thermocouples in the slug, one near the center and one close to
the edge. During reheating cycle of the various partially solid charge
materials, the penetrometer was the primary control for determining when the
charge was ready for the forging operation. The temperature in superheated
liquid charge materials was monitored by a thermocouple located in the alloy.
Once a charge material was deemed ready for the forging operation, it was
manually transferred to the lower cavity of the die in the hydraulic press.

The H-19 steel dies were used to produce a flanged cup shaped part and a
unidirectionally solidified cylindrical shaped part, see Figure 2. The dies
were preheated to the desired temperature via six 1000 watt cartridge heaters
located in the lower die, and a smaller heater snugly fitted inside the
upper die. Die temperature was closely controlled via a control device coupled
to the heaters. An H-13 steel ejector cylinder was machined and located at
the bottom of the lower die. Thermocouples were press fitted in this piece

3

at distances of 10 °, 9 x 10°3 and 15 x 10”3 meters from the metal-die inter-

face.
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The charge materials used were a model low temperature Sn-15%Pb alloy and
two commercial aluminum alloys; 6061 and A356. The alloys for forging in the
liquid-solid range were prepared in a continuous slurry production (rheocasting)
machine previously described [2, 5].

The die coating used for the tin-lead alloys was molybdenum disulfide
aerosol spray, while an oil graphite mixture was generally used for the alumi-
num alloys. In the unidirectional solidification experiments, the sides of the
lower die and the bottom of the top die were lined with fiberfrax paper and
cement. Two or three thermocouples were located inside the cavity at various
distances from the metal-die interface, see Figures 2(c) and 2(d).

The volume of the charge material in each experiment was 85 x 107 ms.
After introduction of the charge in the lower die half, the dies were closed
at a speed of ~ 0.018 m/sec. The process variables studied were temperature
or volume fraction solid of the charge material, die temperature and applied
pressure. Due to the speed limitations of the present apparatus, no special
effort was made to study the effect of shear strain and dwell time. Two types
of parts were produced, a flanged cup and a unidirectionally solidified cylinder.

Parts produced were subjected to normal metallographic examination.

Several tensile specimens were machined from the 6061 aluminum alloy flanged
cups. These were heat treated, solutionized 13 hours at 520°C and aged 8

hours at 175°C, and tested for tensile properties.

IIXI. RESULTS AND DISCUSSION

A. Cup Shaped Parts

Figure 3 shows photographs and a representative microstructure of Sn-15%Pb
alloy part. The volume fraction of solid, gg» in the initial charge was

~ 0.5 -- its temperature was 465°K. The larger spheroidal particles in Figure




3(b) were those existing in the charge prior to pressurization. The darker
matrix is the eutectic liquid that solidified last. The measured temperature
profiles in the die, at 1(T3n1from the metal-die interface, are shown in Figure
4, In order to distinguish between forgings produced from completely liquid
and partially solid initial charge materials, the latter will hereafter be
referred to as thixoforging -- forging of a thixotropic charge material.

The microstructures of flanged cups produced from partially solid and
liqufd 6061 aluminum alloy charge materials are shown in Figure 5. Figure 5(a)
shows the characteristic structure of a thixoforged material. Each grain
resulted from coarsening of a primary solid particle in the initial slurry.

The dendritic structure of Figure 5(b) is that expected from conventional
solidification of a completely liquid charge.

The thermal response of the dies as a function of the time during forging
of liquid and partially solid 6061 aluminum alloy is shown in Figure 6. For
each charge material, the die temperature increases as soon as the metal is
poured into the die cavity. For the thermocouple located at 163m from the
die surface, the rate of temperature increase rises sharply when the dies close

and the pressure builds up. The pressurization times, about 8 seconds after

pouring, are shown by the arrows in Figure 6. The die temperature further
increases after pressurization until a maximum is reached, then it drops. The
thermocouples located at .‘:xlO-3 and 9x10-3m respond similarly; however, their
response is considerably slower and they do not show the sharp change in
temperature profile at the pressurization time, Furthermore, the maximum tem-
perature attained at each thermocouple decreases as the distance from the
interface increases. The temperatures of all the thermocouples eventﬁally

become the same and then gradually decrease to the initial die temperature
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of ~ 673°K. Finally, the rate and amount of the temperature increase of the
die depends on the process variables and on the nature of the charge, as dis-
cussed below.
1. Partially Solid versus Liquid Charge
The measured die temperatures during production of flanged cup
parts of Sn-15%Pb alloy and 6061 aluminum alloy are shown in Figures 4 and 6,
respectively. The lower die temperatures recorded when partially solid charge
materials were used are due to their lower temperatures and heat contents.
2. Initial Die Temperature
The effect of initial die temperature on thermal profiles during
the casting cycle were investigated. It was found that the relative change in
die cemperature could be lowered by increasing the initial die temperature.
The limitations of the press speed in the apparatus necessitated the use of
-
relatively high initial die temperatures (about 673 to 773°K for the aluminum
alloys).
3. Applied Pressure
The effect of applied pressure on die thermal behavior was studied

on superheated (50°K) 6061 aluminum alloy charge material. Figure 7 shows

results obtained with die pressures of 6.1 x 107 and 13.7 x 107 Pa, respect-

ively. As expected, increasing the applied pressure increased the heat
transfer coefficient at the metal-die interface, resulting in a corresponding
increase in recorded die temperatufes. However, the effect of increased
pressure on die thermal response is expected to level off at higher pressures.
It should be noted that measured maximum die temperatures in Figure 7 are
lower than those shown in Figure 6. This apparent contradiction is due to
variations of the process variables in these two sets of experiments, i.e.,

initial die temperatures and different die coatings.

3
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B. Unidirectional Castings

A set of unidirectional heat flow experiments were carried out with the
A356 aluminum alloy. These were specifically designed to permit determination
of heat transfer coefficients at the metal-die interface using a one-
dimensional computer heat flow model. All process variables except those
noted in the figures were kept constant during these experiments.

1. Thermal Measurements

A typical example of measured temperature profiles in both the thixo-

forging and the die are shown in Figure 8. The vertical arrow in this figure
indicates time of pressurization. Thermocouple locations are shown in the
schematics of Figure 2(c) and (d). The thermocouples located near the forging-
die interface (on both sides of the interface) show a rapid response to pressur-
ization. The die thermocouple recorded a rapid temperature increase while
the thermocouﬁles located in the forging responded by a corresponding tem-
perature decrease after a short delay time. Slopes of the temperature curves
were measured using an expanded time scale like that shown in Figure 9. It
was found that the rates of temperature change with time in the die thermo-

couple, located at 1 mm, were 2°K/sec and 22°K/sec before and after pressurization.

The die thermal behavior, at the given applied pressure, for liquid and
partially solid charge materials was determined, Figure 9. The die thermal
response to the liquid charge is more pronounced. The microstructures of
these two castings are shown in Figure 10. No porosity was observed in
these components at a magnification of 250X -- the dark spots on the photo-
micrographs are etching effects.

2., Computer Heat Flow Calculations

A unidirectional computer heat flow program similar to that previously ht

reported [26] was developed to permit indirect determination of heat transfer
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coefficients prior to and after pressurization of different charge materials.
The geometry, dimensions, and coordinate system of both the computer model
and the forging design are shown in Figure 11. The computer program employs
a finite one dimensional model of the general heat flow equation which is
solved using a forward difference technique.
A number of physical assumptions have been incorporated in the heat flow
model to simplify the solution of the problem. They are:
1) The die is filled instantaneously."
2) When employed, pressurization commences instantaneously after a
fixed, finite time following die filling.
3) The die is initially at uniform temperature and undergoes no solid
state transformations upon heating.
4) The physical properties of liquid metal are independent of temper-
ature.
5) Heat flow at the metal-die interface is characterized by a surface
heat transfer coefficient, h, which changes only at the time of

pressurization.

6) Convective cooling of the die assembly at the outer die surface is
governed by a heat transfer coefficient, hb’ which is independent

of time.

The mathematical problem can be represented by the one dimensional thermal

diffusion equation:

" :
ax?

where H, T, t, and k represent the enthalpy, temperature, time and thermal con-

ductivity, respectively. The boundary and initial conditions employed are:

o

— —— ==



p % &

1) x =L

0 (from symmetry )

h AT

2) X &=k gTh
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D D

where TD and T0 are the initial die and metal temperatures, respectively, and
ATB and ATs are the temperature differences across the outer die surface and
the metal-die interface. The ratios 6/A represent the rate of heat flow
through a perpendicular surface of unit area. LD and LC are the die thickness
and forging half thickness, respectively. Each of the above parameters are
shown in Figure 11.

The computer program employs these equations and the boundary conditions
reduced to finite difference form. In addition, the program incorporates
functions which interrelate temperature and enthalpy for both the steel die
and the A356 aluminum alloy. The details of these features are presented
in the Appendix. Finally, the computer program was processed using an IBM 360
digitai computer.

3. Simulation Results

Numerous thermal simulations were conducted in order to obtain
agreement between the computer predicted temperature curves and the experi-
mentally determined temperature profiles. In order to accomplish this, it

was necessary to abruptly alter the value of the interface heat transfer

coefficient, h, at the time of pressurization. The results of the thermal

S —-—— e — —




12

simulation are compared with the experimentally measured temperatures in
Figures 12 and 13 for the forging of fully liquid and partially solid (volume
fraction solid ~ 0.5) A356 aluminum alloy.

For the fully liquid metal, the agreement between the two sets of curves
is good, particularly at 1 and 9 mm from the interface, see Figure 12. The
two values of the interface heat transfer coefficient, hI and hII’ applicable

S

before and after pressurization, respectively, were 3.4 x 103 W.m “°K" " and

2°K-1. Similarly, for the partially solid aluminum alloy,

3.4 x 10* W.n”
the agreement between the measured and simulated profiles is good for times
less than ~ 27 seconds, see Figure 13. For this case, the values of h_ and

I
i 4 fo -1

h,. are 8.4 x 10° W.m 20k and 3.1 x 10* w.m %ok}, For longer times it

11
was difficult to maintain good agreement between experiment and simulation
due to radial heat losses in the die which could not be incorporated in the
one dimensional model.

For both casting simulations, Figures 12 and 13, the onset of pressuri-
zation is accompanied by at least an order of magnitude increase in the

value of the interface heat transfer coefficient. This finding reflects the

increased contact area between the charge and the die as the pressure across

the interface is increased. Similarly, the initial value of the interface
heat transfer coefficient, hI’ for the partially solid charge is only 25% of
the value of hI applicable during the forging of fully liquid metal. The
reduced value of hI for the partiably solid charge is due its higher viscosity,

and hence reduced contact area prior to pressurization.

C. Mechanical Propertics

Flanged cup parts made from both liquid and partially solid 6061 aluminum

alloy charge material were sectioned, heat treated and tested for tensile




13

properties. Average tensile data from several specimens are listed in Table
I. These data show that even with the limitations of the hydraulic press
used, the parts made can be heat treated and possess relatively good tensile

properties.
CONCLUSIONS

1. The feasibility of producing parts from a partially solid thixotropic
charge material in a forging-type operation was demonstrated. Flanged cup
shaped parts were produced from both liquid and partially solid Sn-15%Pb and
aluminum alloy charge materials.

2. Die thermal response to solidification under pressure was studied
under a variety of processing conditions. A one-dimensional computer heat
flow model was developed and used to correlate measured temperature profiles
with pr;;ictions based on various metal-die heat transfer coefficients.

3. Relative rise in die temperature increases with increasing initial
charge temperature and with increasing applied pressure.

4. There is an abrupt change in the metal-die heat transfer coefficient
due to pressurization. Applied pressure of 9.1 x 107 Pa increases the heat
transfer coefficient of an aluminum alloy liquid charge material from 3.4

3 20 -20 1

x 10° W.m . to 3.4 x 10 W.m * The corresponding change for a

partially solid initial charge material is 8.4 x 10 W.m . K nd to 3.1 x 104

?°x
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APPENDIX

Values of Material Properties Used
in the Computer Simulation

The values of density for the H-13 or 19 steel die and the

aluminum alloys are 7800 and 2700 kg/ms.

Steel = 33.5 watt/m°K

Aluminum = 167.4 watt/m°K

The variation of enthalpy, H in cal/gm, with temperature
for both the steel die and the aluminum was represented by

a series of linear approximations.

Steel H = 0.163T - 6.231

Aluminum A356 H = 0.258T - 12.890

T < 8359

H = 2,200T - 1104.400
835°K < T < 885°K

H = 0.262T + 81.384

T > 885°K

-y ponmwm—

R = VA




TABLE I

Tensile Properties of Heat Treated
6061 Aluminum Alloy Flanged Cup Parts*

17

Charge Die Temp. Y.S. (MPa) UTS (MPa) % Elongation**
oK

Original Rheo- 165 207 4
cast Ingot
Thixoforged 723 152 214 7
Thixoforged 773 172 252 18.5

. . 0
ORI (o0 773 200 252 9

Superheat)

7

* Die pressure of 9.1 x 10° Pa (30 tons).

** in 1.3 cm section.




[a]

[b

Figure 1 Photographs of apparatus for forging of
partially solidified alloys into shapes. (a) Overall
view of the apparatus including slug reheating furnace,
penetrometer, hydraulic press, and controllers, (b) the
two die halves and the flanged cup produced.
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Figure 2. Schematic illustration of dies used in the forging apparatus; (a)
and (b) refer to the cup shaped part, (¢) and (d) refer to the uni-
directionally solidified cylinders.
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[b]

Figure 3 Photograph and a representative micro-
structure of Sn-15% Pb flanged cup parts. The volume
fraction of solid in the initial charge was "0.5.

(a) Photograph of two complete parte and a longitudinally
sectioned part, (b) Internal microstructure at 100X.
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i SR 1 [ l |
Sn—15% Pb

410 p— —
LIQUID, 50 °K SUPERHEAT
== == — PARTIALLY SOLID, i 6.5
400 — i N —
PRESSURE = 1.5 x 107 Pa
T.C. at 1 mm
390 p— o
/
380 i

370

360

ol ! | | ]

0 30 60 90 120 150
TIME, sec
Figure 4. D%e §urfacc thermal response -- comparison between a superheated
liquid and a partially solid initial charge. Flanged cup die
cavity.




[b]

Figure 5 Microstructures of 6061 aluminum alloy
parts at 55X magnification. (a) Thixoforged part at
volume fraction solid of ~0.65, (b) Part made with a
completely liguid initial charge.
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TEMPERATURE, °K

Figure 6.

825 1

I I
6061 Al Alloy

800 p— — — — PARTIALLY SOLID, g, = 0.5 ]

= LIQUID, 50 °K SUPERHEAT
PRESSURE = 9.1 x 107 Pa

775 T.C. at 1 mm o
750 |
725 !
700 b o
675 | —
0 30 60 90 120

TIME, sec

Die thermal response -- comparison between a superheated liquid
and a partially solid initial charge. Flanged cup die cavity.
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800 I T I
6061 Al Alloy
LIQUID, 50 °K SUPERHEAT

775 b= —

13.7 x 107 Pa

— — — 6.1 x 107 Pa
750 T.C. at 1 mm -T
725 il
700 it a o —
675 i

|

0 30 60 90 120

TIME, sec

Effect of pres,ure on die thgrmal response during liquid forging.
Note 13.7 x 10’ and 6.1 x 10’ Pa correspond to 20 and 45 tons in
the hydraulic press, respectively. Flanged cup die cavity.
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850 |— ! | |
"y A356 Al Alloy
5 PARTIALLY SOLID, g, = 0.5
sl 8 PRESSURE = 9.1 x 107 Pa
| ‘L__z\\.‘ﬂ mm — == T.C. in slurry
I =S T.C. in die
I
800 1'—
775
750 H
725
l ] |
0 30 60 90 120
TIME, sec

Composite of die and forging thermal response. Unidirectional -die

cavity.
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1000 T T T i T T T T I
: A356 Al Alloy _
LIQUID, 50 °K SUPERHEAT
& 900 |- --—- PARTIALLY SOLID, g = 0.5  —
w PRESSURE = 9.1 x 107 Pa
E e T.C. at 1 mm 5 mm ]
=
o
&
-

Figure 9.

TIME, sec

Die thermal response -- comparison between a superheated liquid i
and a partially solid initial charge. Unidirectional die cavity.
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[b]

Figure 10 Microstructures of A356 aluminum alloy
forgings made in the unidirectional die cavity. Mag-
nification 100X. (a) Thixoforced part--initial volume
fraction solid 0.6, (b) Part made from a superheated
(v 50°K) liquid.
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Figure 11, Schematic shcwing the volume element assumed to have a unidirec-
Expanded view shows positions of the

tional thermal behavior.
nodes used in computer simulation studies.
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T T T T T T T T T
: A356 Al Alloy
---- EXPERIMENTAL LIQUID, 50 °K SUPERHEAT
CALCULATED hI = 3.4 x 10® W'm~2 °K!?
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e 1 \ -3
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Die thermal response -- comparison between measured and calculated
temperature profiles. Unidirectional die cavity.
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between measured and calculated temperature profiles. Unidirec-

tional die cavity.

- .




DISTRIBUTION LIST

No. of
Copies To

1 Office of the Director, Defense Research and Engineering, The Pentagon,
Washington, D. C. 20301

12 Commander, Defense Documentation Center, Cameron Station, Building 5,
5010 Duke Street, Alexandria, Virginia 22314

1 Metals and Ceramics Information Center, Battelle Columbus Laboratories,
505 King Avenue, Columbus, Ohio 43201

Deputy Chief of Staff, Research, Development, and Acquisition,
Headquarters, Department of the Army, Washington, D. C. 20310
2 ATTN: DAMA-ARZ

Commander, Army Research Office, P. 0. Box 12211, Research
Triangle Park, North Carolina 27709
1 ATIN: Information Processing Office

Commander, U. S. Army Materiel Development and Readiness Command,
5001 Eisenhower Avenue, Alexandria, Virginia 22333
1 ATIN: DRCLDC, Mr. R. Zentner

~

Commander, U. S. Army Communications Research and Development Command,
Fort Monmouth, New Jersey 07703
ATTN: DRDCO-GG-DD

DRDCO-GG-DM

DRDCO-GG-E

DRDCO-GG-EA

DRDCO-GG-ES

DRDCO-GG-EG o

Bt et et kbl

Commander, U. S. Army Armament Research and Development Command,
| Dover, New Jersey 07801
ATTN: Technical Library
DRDAR-SCM, Mr. J. D. Corrie
DRDAR-SC, Dr. C. M. Hudson
DRDAR-PPW-PB, Mr. Francis X. Walter

e b N

Commander, U. S. Army Natick Resecarch and Development Command,
Natick, Massachusetts 01760

1 ATIN: Technical Library

Dr. E. W. Ross .

1 DRXNM-AAP, Mr, J. Falcone

-

f o Commander, U. S. Army Satellite Communications Agency,
! Fort Monmouth, New Jersey 07703
| LI 1 ATIN: Technical Document €enter




No. of
Copies To At ey

e

Pt Bt e e

Commander, U. S. Army Tank-Automotive Research and Devclopment Command,
Warren, Michigan 48090
ATIN: DRDTA-RKA

DRDTA-UL, Technical Library

Commander, White Sands Missile Range, New Mexico 88002
ATTN: STEWS-WS-VT

Commander, Aberdeen Proving Ground, Maryland 21005
ATTN: STEAP-TL, Bldg. 305

Commander, Frankford Arsenal, Philadelphia, Pennsylvania 19137
ATTN: Library, H1300, Bl. 51-2

Commander, Harry Diamond Laboratories, 2800 Powder Mill Road,
Adelphi, Maryland 20783
ATTN: Technical Information Office

Commander, U. S. Army Ballistic Research Laboratory, Aberdeen Proving
Ground, Maryland 21005
ATTN: Dr. R. Vitali

Dr. G. L. Filbey

Dr. W. Gillich

Commander, Picatinny Arsenal, Dover, New Jersey 07801
ATTN: SARPA-RT-S

SARPA-FR-M-D, PLASTEC, A. M. Anzalone

Mr. A. Devine

Redstone Scientific Information Center, U. S. Army Missile
Research and Development Command, Redstone Arsenal, Alabama 35809
ATTN: DRDMI-TBD

Commander, Watervliet Arsenal, Watervliet, New York 12189
ATTN: SARWV-RDT, Technical Information Services Office
Dr. T. Davidson
Mr. D. P. Kendall
Mr. J. F. Throop

Commander, U. S. Army Foreign Science and Technology Center,
220 7th Street, N. E., Charlottesville, Virginia 22901
ATTN: Mr. Marley, Military Tech

Director, Eustis Directorate, U. S. Army Air Mobility Research and
Development Laboratory, Fort Eustis, Virginia 23604
ATTN: Mr. J. Robinson, DAVDL-E-MOS (AVRADCOM)

Mr. R. Berresford

e

|

{




o S
Copies To

U. S. Army Aviation Training Library, Fort Rucker, Alabama 36360
1 ATTN: Buildings 5906-5907

Commander, USACDC Air Defense Agency, Fort Bliss, Texas 79916
1 ATIN: Technical Library

Commander, U. S. Army Engincer School, Fort Belvoir, Virginia 22060
1 ATTIN: Library

Commander, U. S. Army Enginecer Waterways Experiment Station,
Vicksburg, Mississippi 39180
1 ATTN: Research Center Library

Aeronautic Structures Laboratories, Naval Air Engineering Center,
Philadelphia, Pennsylvania 19112
1 ATIN: Library

Naval Air Development Center, Aero Materials Department,
Warminster, Pennsylvania 18974
1 ATTN: J. Viglione

David Taylor Naval Ship Research and Development Laboratory, Annapolis,
Maryland 21402
1 ATIN: Dr, H. P, Chu

Naval Underwater Systems Center, New London, Comnnecticut 06320
1 ATIN: R. Kasper

Naval Research Laboratory, Washington, D. C. 20375

1 ATTN: Dr. J. M. Krafft - Code 8430

1 C. D. Beachem, Head, Adv. Mat'ls Tech Br (Code 6310) .
Chief of Naval Research, Arlington, Virginia 22217

1 ATTN: Code 471

Naval Weapons Laboratory, Washington, D. C. 20390
1 ATTN: H. W. Romine, Mail Stop 103

Director, Structural Mechanics Recearch, Office of Naval Research,
800 North Quincy Street, Arlington, Virginia 22203
1 ATTN: Dr. N. Perrone

Air Force Materials Laboratory, Wright-Patterson Air Force Base, Ohio 45433
ATTN: AFML/MXE/E. Morrissey

AFML/LC

AFML/LLP/D. M. Forney, Jr.

ATML/MBC/Stanley Schulman

AFML/LNC/T. J. Reinhart

bt b B




No. of

Copies To

—

Air Force Materials Laboratory, Wright-Patterson Air Force Base, Ohio 45433
ATTIN: AFFDL (FB), Dr. J. C. Halpin

Dr. S. Ts8%

Dr. N. Pagano

Air Force Flight Dynamics Laboratory, Wright-Patterson Air Force Base,
Ohio 45433
ATIN: AFFDL (FBS), €. Wallace

AFFDL (FBEB), G. D. Sendeckyj

National Aeronautics and Space Administration, Washington, D. C. 20546
ATIN: Mr. B. G. Achhammer
Mr. G. C. Deutsch - Code RW

National Aeronautics and Space Administration, Marshall Space Flight
Center, Huntsville, Alabama 35812
ATTN: R. J. Schwinghamer, EHO1, Director, M&GP lLaboratory

Mr. W. A, Wilson, EH41, Building 4612

National Aeronautics and Space Administration, Langley Research Center,
Hampton, Virginia 23365
ATIN: Mr. H. F. Hardrath, Mail Stop 183M

Mr. R. Foye, Mail  Stop 188A

National Aeronautics and Space Administration, Lewis Research Center,
21000 Brookpark Road, Cleveland, Ohio 44135
ATTN: Mr. S. S. Manson

Dr. J. E. Srawley, Mail Stop 105-1

Mr. -W. F. Brown, Jr.

National Bureau of Standards, U. S. Department of Commerce,
Washington, D, C. 20234
ATTN: Mr. J. A. Bennett

Virginia Polytechnic Institute and State University, Dept. of Engineering
Mechanics, 230 Norris Hall, Blacksburg, Virginia 24061
ATTN: Prof. R. M. Barker

Southwest Research Institute, 8500 Culebra Road, San Antonio, Texas 78284
ATIN: Mr. G. C. Grimes

Westinghouse Electric Company, Pittsburgh, Pennsylvania 15235
ATTN: Mr. E. T. Wessel, Research and Development Center

Mr. M. J. Manjoine, Westinghouse Research Laboratory, Churchill Boro,
Pittsburgh, Pennsylvania 15235 !

Mr. William J., Walker, Air Force Office of Scientific Research,
1400 Wilson Boulevard, Arlington, Virginia 22209




No. of
Copies To
1 Mr. Elmer Wheeler, Airescarch Manufacturing Company, 402 S. 36th Street,
Phoenix, Arizona 85034
1 Mr. Charles D. Roach, U. S. Army Scientific and Technical Information Team,
6000 Frankfurt/Main, I.G. Hochhaus, Room 750, West Germany (APO 09710, NY)
Director, Army Materials and Mechanics Research Center,
Watertown, Massachusetts 02172
2 ATTN: DRXMR-PL
1 DRXMR-PR
1 DRXMR-X
1 DRXMR-CT
1 DRXMR-AP
3 DRXMR-EM, Dr. R. French
3 DRXMR-ER, Mr. F. Quigley
3 DRXMR-ER, Mr. R. Gagne




T— AT TR Y B Ch L Tt

y
— THOTIPIIANSSAXd 1033T PUT 03 J01ad SOOI JIP-IPIMM YL I¥ SIWITIIIIN0N ‘UOTINITANSSIXd JD13T pUr 03 J01dd ADXFINIUT IIP-TLIM IYI IT SIUDTD1III00 —
42ISUPIY VY YL JO SINFTA MNEINI[ED 03 pasn S2aMIeaddud) paansedw pur suoty I AISUBLY J¥IY OYJ 10 SINTEA IIL(NDIIED 01 PIan diawm saaniviadead painsraw puvr sueri
— =21paad 2121ndwod 3O SUOTIFIIIIO)  JOTIINIUL JIP-1VIoE Oy WOLY SOOUPISID UIIdIJ1P ) =31paid 33IndWOD 3O SUOTIPIILIO)  “IICIIAIUT IIP- (LI IYI WOIF SIULISTP WL ;1P —

I PAILI0] SALANODOWIIYY WOLI PAUTWIIIP ATIPIUOEIININD SCw 20TATHIG [ewioyl ) — It pairdog vn.T?_cucl....Eu WOIJ PAUTWIANIIP {[IFIudutAIdNd STw JOTATHIG [EWIIYY dug
T23dnpoxd {3aNS SNORUTIUOD ¥ Ul IPTw A[sNOTADId 21w (9gEy pur 1909 sfope wnyrente 1 *120npord £1aN(S SNONLTINOD ® Ui Aprw A1SNOTAII d10m (GSEy pur (ag9 s{of(t wnurenie i
PUT Q¢ 4C1-uS) speraaiem ‘aseioayy ‘ofaeyd parjiprios frprriaed oyp  Csuoriviodo PUr Q4 %S1-u§) striialew ‘3isedoayy ‘afavud poarziprios {periand “suotirviade
— ..;.N.E:\:;:: ‘2dA1-Jurdao; Aq swrozasd 1sedodyy yits Furideas sadeys dou-acou | .u,)..:&c.\EZE ‘adf1-FurBioy Aq .H.Ec.f.u.:.. “,q,uu“,‘_::‘_m:.u._...ul..:n.._t?:r 1au-avoy —
40 39u o3 sized Jurdnpoad 3o L111QISTay ayd Furystigeiso v pawte ‘udredwryy-vurgdn ] 10 33u 01 sised Burdnpoad jo (rprqQrsra; 2yl Furysipgrisd 1w powir ‘ulrwduvy)-vergin
— 1B SICULI] 3O ATSIIATUM IYI IT YISy Furqrideop aodas [rnuue asary oyl st ostyy — i® STOUI([] JO AITSI2ATUN Ayl 3P yd1easald Fuirqradsap 32oddos [ENUUE 3531 Y3 St syl ﬂ
LL6T dunp 7 03 o it aunp 1T ‘zodoy rauuy o | LLGT dung €7 01 a_it sung 7 *sodop penumy !
_ VSOITY *opeD SV “tNInSotToerry tadaloxg \/a 3 _ VSUITY "OPe) SEONY TISINSOITOrLT (323(0dyg \/q —
o . ~Q -Gp IMAIWO) saqaeI-sag]r ™ =0 Nl IMITLIYC ] “NIIQrI-sATIL
Jurdiozoxtyy i )-9=9EIVV ’ Surdsogoxr YrOG=D-9_ -9t NN 3TN CNILqrI-saTl
Sur8ioy dd 0 *L.61 10quaddn ‘pc-.. LD OMIGN 3d0day pEdruyday i nw..a._”“ dd € *L.61 29020330 *0C-_- WL WG 32003 [ratuydag -
| uoTIeEI0390 S 10819 31 = whRGin uot3emtoysq 10519 11 “ruryas
PR udreduryy-rUPQan I SIOUII]] 3O S31sidartun ufreduey) Puvqin 1T STOLTI] 30 S31SIdATun —
b e A Surzosur®ug cpup pue yddp 3o -idog pur NOTIRILITRLIOS - = sy 45 ;
Suriseoooyy : = - = e Surasea0aty Buraoa . Ryl puj pue ‘e jo -3dag pue
— Buraoaur¥ug Surury pue LJangredr jo “adog — Rutzoaurdug Sururny pue (3anpreion 3o -3dan —
spaoy L9y ueaydeg "D g pur ‘urryaseqQy Cr Cn spaoy Loy ueaydvg ‘n 4 pur ‘urryosTaqy r 9
— ‘ryemey (S ‘uRtgRIyM; Y ] ‘fivmey 1UQ°S ‘urigeaya; w “
STVLIN ISYDOTHY 40 SIVLMN 1SYI0THE 40
HOTINGTIISTQ PAITWMYUN 3 N Ft, UOTINQYIISTIH PIITWIY, pogd .
patitsserdun SOLLSTHALIVMVED NOLIVMWO430 ANy THNLMILS a?c_mlwﬂ sun i SOLISTHTLOVNWID NOTIVINO430 Oy Tl IS
M Rl TLIZ0 SAIDSTPESSEYR CUN0IIINY i bl TLIZ0 SIIISHUDESSTR “Ew03I1aE
i3 L1120 §3eS ST L]
_ ay 23UA) YIILISAY SITUTYII pUE SIPTIIINK Ady _ ay 2I1UI) YIILISIY SITUCYIIE PUE SELIIIF Suay —
! : | 1 B
i
TUOTIEITINSSAXd JAIC PUL 0) Jotxd AICPIINIUT JIP-1EIM JY) AT SIUITDTIIION _ ‘uoriezranssaxd 1233e pur 01 Jordd IDPIISIUT IIP-TEINE ST T SINDTDTIIoED —
_ J2ISUBIY QUIY YL JO SINITA IITINDIED O PISH JUIs SIINILAXIWIY poan oW pur suotl ] A2JSUBLY IEIY IYI JO SINIEA DILINDIED 0 PISN Osdm SIANICIN@IY PaInsrIE pur suor) 1
=21paad 103Induod JO SUCTITAILO)  CIDFIIDIUL DIP-UIDMW Iy WOIF SIOUPISTP IUILIFGIP 1 =31poad 1231ndwod 3o SUOTIE[III0) CAILIIDIUI IIP-TUINS IYT WOAZ SIOMCISIP WL up 1
v paiedol sardnodomsayl wosy pourmralap {1iriudwidadxo sew Jorarydy jeu oyl au — e paiedo] satdnodowaayl WOLZ PAUTAIIIIP AT (PIUMLIIAND SEN JOTAPHIY VRSN G i)
_ “23onpoad £3anfs sNONUTIUOY ¥t APrm A1snCradsd 21am fugey pur tapg s{ofIe wnurtunie | *2320poad £1an(s SNOOUTIUOD ® ur Iprm A[snotadad agom (wciy pur (aue sdorlE wnurenge 1
puUT Qg %S1-ug) sierialvm ‘3seiooyy ‘oda patgiprtos Spierdaed ayp csuotivaddoe PUP Q4 SST-US) Stetiatew “1sedodyy ‘ofavyd porgiprios aprrrdasd ayp  csworjvsado —
1 NIDHO040X KL “odA-Bur8io) sy 10332d 3sedooyy yits Hurdaels sadeys Jou-arau — CONIOHOJOXTH! *adA3-Fuir¥i103 sq swio3azd Jsudoouy uitw Yurdawds sadeys Jou-zedu
20 39u o3 sized Burdnposd Jo £3rtigrsea; oyl Julys1iqeIsd v powne ‘udrtedwsvy)-vurqap 20 33u 03 siased Furonpoad 30 L1r1rqQusray Ayl Jwrystpgeisd v powre Cedredery)eun 1
_ IT STOUL]]] 3O A31SIaATUR Ayl I 42Irosas Jurgradsdp daodaa prnuur 3sarg €1 sy — 38 STOUTTT] 30 AJTSIdATUN dYY I¥ yIIrasad Jurqradrsap 1zodaz (vnuue JIsdrg O43 s1 sty ]
_ LL6T dunpe £7 01 w gl dunge 17 ‘aedoy ! Lol dunp &7 o Akt to tdaodoy peneuy I
“OPOD SN ENINSOITOIN] (333foag \/d — ASOITO 'IPOD) SN CESINSRICe 13300y /e —
— Surdiogoxryy L UER R RE S R UHER BUE R LS B R T b S Burgrogoxty] QPO -D-9_ -9t AL IINAIUC ) CSapavi-satte
FuiSiog dd G “LL61 20qWaDdq ‘0€-L. WLD DHIGW doday [ediuydag _ 5 ur..v.bo.. Ad 06 “Li61 I5QEIddn vt-o. HLDY MgN 2eday [rMiugool —
1 uOJeWIVIA(Q S+ i o o g ui,._,“ _.N_ 3“_.;._: — Uo IeWI0gNq S I & _.,.r_w .~4 ...J.”_.»: )
HOTIETIIPTI0G uSredury)- a0 2 111 30 f{arsaoatup UOTIN>1JIPTIOS uftedury)-ravqan 3¢ S10UITTL 32 {31s39atun -
— Buy1ses0oyy Furssour¥ug -puy ?:.,.:. s 3o tadag v..:. _ Sut1sesoay Surzaaurduy puy e 3y 30 "N pew
g Zuradourdug Surutyy pue Sdanpressy 3o cadag g A58 Juraaouidug Furur pur Nangrelay o cadag —
_ spaom Aoy vewydrd ‘0 (I PUP ‘urIydISTQQY 0 | spaoy <oy uTEYdEg ‘O i PUP CUNITRNSEQIY Cr 9 1
WY PGS urTqeAYIE ‘N ‘raveey CqUats tuergeay L
ST Y A} — YWY INN Al
_ A e SOLLSTNILIVIVID .:zﬁ:.,..ﬂ:“ M,n.«,x o | i o DTSN VD /::,Z..r.:. o~ .;...zu: ..n “
. 2148192 D NC v 0 ax &1 SOTISINLI YWY MOS 30 ANy Tt Wt
— patjisse]doup ot Yes sty parjrsseioun SLITH SUIIEMOECNER ‘Us01di3ty
av 223427 y2aw §o0y pue steriaey Suay _ & Toav 233UD) YIrrIsay sdrury sprraayey Awly -
i 1 i
b i i cie in cme i e o e e e e e s T s gt . ————— —— w—"o—— - o—" oo -, W iy’ oo, i s A

G e e M s o oo o /ot . . = = e as




